An experimental study on three different oxygenated fuels, namely Oxy1, Oxy2, and Oxy3 respectively, was conducted on both an optical single cylinder DI diesel engine, to investigate their effects on spray, ignition, and combustion development. Those three fuels were derived from the conventional diesel fuel (Finnish City diesel summer grade) by blending Rapeseed Methyl Ester (RME) or Diglyme and Butyl-Diglyme of different quantities to make their oxygen content to be 3%, 3%, and 9%, respectively. The experimental results with three fuels named Oxy1, Oxy2, and Oxy3 show that the fuel spray development was not affected apparently by the oxygenating. Compared with the base fuel, the ignition delay to main injection was shortened by 10%, 19% and 38%, respectively.
Introduction
Adding oxygen-containing chemicals to diesel fuel has been considered to be an effective means to reduce the particulate emission with small penalties of NOx and fuel consumption. In Europe, RME (rapeseed methyl ester) is already commercially available for use in vehicles. Currently, most engine manufactures accept up to 5% RME additive in normal fossil fuel, without need of basic modification to the engine design. As a re-generable fuel, RME is more CO 2 friendly than conventional diesel fuel [1] . In addition, RME contains no aromatics, which are contributors to engine particulate emission [2] . Due to its about 10% oxygen content [3] , low sulphur content, zero aromatics content, and higher cetane number, RME has been found to be able to lower down the PM emission, although with possible penalty of higher NOx emission [3] . With regard to synthetic additives, similar to RME, when they are added to normal diesel fuel, the presence of the oxygen in the molecule gives them possible improvement on ignition or reduced ignition delay compared to normal diesel.
The advantage of fuel oxygenates for reducing engine PM emission has been known. Blending normal diesel fuel with oxygenates could produce benefit for improving NOx-PM trade-off [4] too, if the problem of increased NOx emission due to increased oxygen concentration and combustion temperature in the cylinder could be also avoided by having adequate optimization on engine combustion system and on combustion control strategy.
Experimental Description
An optical single cylinder test engine equipped with common rail fuel injection system was employed for present investigation in this study. The Schematic of the test rig can be seen in Figure 1 . The engine used a Bosch common rail injection system, of which the ECU control programme could be accessed via a PC. Table 1 lists the main specifications of the optical engine and its injection system. The fuel injection and combustion processes in the engine cylinder were recorded with a high-speed MEMRECAMfx K3 colour video camera at a framing rate of 10,000 frames per second. To illuminate the fuel spray, a CU15 type copper vapor laser supplied by the Oxford Laser was used. The spray penetration development, the visible ignition, and visible flame development processes were afterwards analyzed with the computer software named ImageProPlus4.1 The reference diesel fuel used in this study was Finnish City diesel (summer grade), named as the base fuel. Its derivatives contain different oxygen contents and reached by different recipes. The properties of the four fuels are shown in Table 2 . The nominal engine speed was set at 1600 rpm. The pressure in the common rail of the injection system was set at 1000 bar. The pilot injection started at 30 CA BTDC, with pilot injection quantity of 5 mm 3 per cycle. The main injection started at 10 CA BTDC and the main injection fuel quantity was adjusted so that the air/fuel ratio was kept at 20:1 for all the fuels.
Results and Discussion
Fuel Spray and Flame Characteristics: Figure 2 shows the pictures selected from the series of videos taken with the high-speed camera. From the pictures it can be seen that generally, the visible start of combustion for the oxygenated fuels took place earlier than that for the base fuel. Moreover, at the TDC, the flames for the oxygenated fuels had dispersed more uniformly. The area of the combustion chamber covered by the flames during the combustion period was measured on the pictures taken with the highspeed camera, using the computer software ImageProPlus4.1. From those results it shows Oxy3 fuel obviously started to combust earlier than the other fuels and seemed to have burned more smoothly. 
Figure 2 Visible fuel spray and combustion processes for different fuels
Ignition Delay: From Figures 3 it can be seen that the Oxy1 fuel had similar pilot ignition delay to the base fuel, before the cylinder temperature building up. However, although with the same 3% oxygen content, the Oxy2 shortened the pilot ignition delay by 11% on time basis, proving its higher cetane number. This might be due to the fact that the RME additive in the Oxy1 fuel has higher specific heat and higher density, which slower the evaporation of the fuel droplets and thus suppress the increase of the fuel cetane number. Compared with the base fuel, the main injection ignition delay under the test conditions was shortened by 7%, 14%, and 41%, on time basis, for the fuels Oxy1, Oxy2, and Oxy3, respectively.
Although Oxy1 and Oxy2 fuels have the same oxygen content, the later has higher cetane number owing to its different recipe. In other words, the diglyme and butdiglyme additives in Oxy2 increase the ignitability of the fuel more than the RME additive. In addition, larger amount of diglyme and butdiglyme additives make Oxy3 fuel even more ignitable.
Emissions:
For emissions test, a Ford Puma production engine was running funder three different given conditions for each fuel -E1 (50% load, 2000 rpm), E2 (80% load, 2000 rpm) and E3 (80% load, 4000 rpm). Under each engine running condition, the engine speed and brake torque were kept the same for all the fuels. NOx and smoke emissions for tested fuels are shown in Figure 4 . In the figure, it can be seen that there are no significant differences between the Oxy1 and Oxy2 fuels in their NOx emission and smoke levels. However, owing to its higher oxygen content, the Oxy3 fuel had lower smoke level but higher NOx emission than the other two oxygenated fuels in tests E1 and E2, whereas its NOx emission was similar to those for the other two fuels in test E3. The reason might be that its lower heat value was more dominant and thus lowered the maximum combustion temperature at the high engine speed and load, and the corresponding relatively advanced injection timing. 
